Abstract. We demonstrate a compact trench-based silicon-on-insulator ͑SOI͒ rib waveguide ring resonator comprised of trench-based bends and splitters. It has a perimeter of 50 m and occupies an area of only 25ϫ 25 m. The measured free spectral range ͑FSR͒ is 13.2 nm, which the largest reported for an SOI rib waveguide ring resonator. The measured FSR, full width at half maximum, and quality factor match reasonably well with analytical calculations. Further calculation shows that a FSR of 50.8 nm is achievable for an SOI rib waveguide ring resonator with a perimeter of 15 m.
Introduction
Silicon-on-insulator ͑SOI͒ rib waveguides have been widely used as a platform for various active and passive photonic devices, [1] [2] [3] [4] [5] [6] [7] [8] [9] and as a photonic biological sensor. 10 Advantages of a SOI rib waveguide over a SOI wire waveguide are lower propagation loss, lower coupling loss from/to fiber, larger fabrication tolerance, and straightforward configuration of lateral p-i-n structure for active photonic devices. However, the large radius of curvature required for waveguide bends and splitters is a drawback of SOI rib waveguides, which significantly limits the degree of possible integration. Conventional ring resonators ͑RRs͒, which have received much attention for many photonic devices, are configured with two straight waveguides and either a circular or racetrack-type ring waveguide between them. Due to the large radius of curvature for a waveguide bend, the perimeter of a ring waveguide for a conventional SOI rib waveguide-based RR is typically a few hundred microns. 7, 8 Such a large perimeter ring not only increases the RR size but also significantly reduces the achievable free spectral range ͑FSR͒, which is one of the important characteristics of a RR. Other important parameters include the full width at half maximum ͑FWHM͒, quality ͑Q͒ factor, extinction ratio ͑ER͒, and insertion loss. Typically reported FSR values for conventional SOI rib waveguide RRs are less than 1 nm, while the largest FSR is 3 nm. [5] [6] [7] [8] [9] Large FSR is especially important for optical filters in wavelength division multiplexing ͑WDM͒ communication systems. 11, 12 We have recently demonstrated compact trench-based bends ͑TBBs͒ and trench-based splitters ͑TBSs͒ for SOI rib waveguides, 13, 14 the size of which depends only on the lateral extent of the waveguide mode and not on the core/clad refractive index contrast. In this work, we experimentally demonstrate a trench-based RR ͑TBRR͒ for SOI rib waveguides by combining TBBs and TBSs. A TBRR with a perimeter of only 50 m is designed, fabricated, and measured. The measured FSR is 13.2 nm, which, to the best of our knowledge, is the largest ever reported for an SOI rib waveguide RR.
Design
Schematic illustrations of a TBB and TBS are shown in Fig. 1͑a͒ , along with the inset illustrating the cross section of SOI rib waveguides considered in this work. The waveguide supports only the fundamental TE polarization ͑elec-tric field in the plane͒ mode at a wavelength of 1550 nm. Our ring resonator design and measurement are therefore performed only for TE polarization. For a TBB, the measured bend efficiency as reported in Ref. 13 is 93%. Figure  1͑b͒ shows results for a 3-D finite difference time domain ͑FDTD͒ simulation of a TBS. As the trench width increases, the splitting ratio ͑reflection/transmission͒ becomes larger, while the overall loss is increased. With a trench width of 119 nm, the splitting ratio is 4 and the total TBS efficiency is 90%.
By combining two TBBs and two TBSs, a TBRR can be realized as shown in Fig. 1͑c͒ . For a given input source, the optical power spectrum at the drop and throughput ports depend on the resonance characteristics of the ring waveguide. The optical power spectrum at the drop ͑ drop ͒ and throughput ͑ throughput ͒ ports can be analytically 
Fabrication and Measurements
We fabricated the structure using a process nearly the same as reported in Refs. 13 and 14. Electron beam lithography ͑EBL͒ is used to pattern the trenches for TBBs and TBSs to ensure position accuracy and smooth sidewalls. A highaspect-ratio etch is done with an inductively coupled plasma reactive ion etcher ͑ICP RIE͒ using a fluorine-based etch chemistry. At the end of the process, SU8 is spincoated to fill the trenches and also acts as an upper clad. Figure 2͑a͒ shows a scanning electron microscope ͑SEM͒ image of a fabricated TBRR before SU8 coating. The TBB trench width is 2 m, while the TBS trench width is designed to be 119 nm. The perimeter of the fabricated TBRR is 50 m. It occupies an area of only 25ϫ 25 m.
To characterize the fabricated TBRR, a polarized broadband superluminescent light emitting diode ͑SLED͒ is coupled to a polarization maintaining ͑PM͒ fiber, and light from the PM fiber is butt-coupled to an input SOI rib waveguide. The optical power spectrum of the SLED is measured with an optical spectrum analyzer ͑OSA, Ando AQ6317͒ used as a reference spectrum. Light from the drop and throughput ports is then sequentially butt-coupled to a single mode fiber and connected to the OSA. Figure 2͑b͒ shows the measurement results normalized by the source spectrum. The measured insertion loss is ϳ29 dB, which includes coupling losses from the PM fiber to an SOI rib waveguide and from an SOI rib waveguide to a single mode fiber, propagation loss, loss from additional 90-deg bends to reroute the outputs, and loss from TBRR itself. Table 1 shows a comparison of measurement and analytical calculation results ͓Fig. 1͑d͔͒ for the drop wavelengths, FSR, FWHM, Q factor, and ERs at the drop and throughput ports. The measured drop wavelengths are slightly different from the analytical calculation, because the average measured FSR, 13.15 nm, is 1.65 nm smaller than predicted by analytical calculation. The difference may be due to phase delays at the TBBs and TBSs, which are not considered in the analytical calculation, and the actual effective index of the waveguide mode may be larger than predicted by FIMMWAVE. The FWHM and Q factor from measurement at the drop wavelengths of 1570.1 and 1583.3 nm are well matched with the analytical calculation, while the measured signal at 1557 nm is wider than the analytical calculation. We do not yet understand the reason for widening at this wavelength, although it may in part be due to overlap of the resonant peak and observed ripples in the spectrum. Measured ERs for both the drop and throughput ports are smaller than the calculation predicts. The reason is likely that the TBB and TBS losses are larger than assumed for the calculations. For example, TBB and TBS efficiencies of 81% ͑0.92-dB loss͒ and 80% ͑0.97-dB loss͒ result in an analytically calculated ER within 10% of the average measured ER. Figure 3 shows the maximum and minimum efficiencies at the drop and throughput ports as a function of bend ͓Fig. 3͑a͔͒ and splitter ͓Fig. 3͑b͔͒ efficiency. As either the bend or splitter efficiency decreases, the difference between the maximum and minimum efficiencies at both the drop and throughput ports becomes smaller, such that the ER is reduced. Note that the ERs and the TBRR loss are both more sensitive to the splitter efficiency than the bend efficiency.
Since the FSR and Q factor from the analytical calculations match reasonably well with the measurement results, we use analytical calculation to predict the performance of smaller TBRRs. The minimum perimeter can be as small as 15 m ͑3.75-m length on each side͒ without additional loss, because the trenches for both the TBBs and TBSs intersect more than 99% optical power in the SOI rib waveguide mode. Figure 4 shows the analytical calculation of FSR and Q factor as a function of perimeter. At a perimeter of 15 m, the FSR is 50.8 nm, while the Q factor is 246.1. Note that a large Q factor can be achieved with a large perimeter at the cost of a smaller FSR. One way to increase the Q factor while keeping the FSR large is to create a cascaded TBRR similar to the work reported by Timotijevic et al. 6 
Summary
We demonstrate a compact TBRR for SOI rib waveguides. For a perimeter of 50 m, the TBRR occupies an area of only 25ϫ 25 m, and the measured FSR is as large as 13.2 nm, which is the smallest SOI rib waveguide RR and the largest FSR reported in the literature. The FSR, FWHM, and Q factor measurements match reasonably well with the analytical calculation, while the measured ERs at both the drop and throughput ports are smaller because of excessive loss in the fabricated TBBs and TBSs. Further fine tuning of the trench etch process should result in lower loss TBBs and TBSs. Based on analytical calculation, we show that a FSR of 50.8 nm is achievable for a RR with a perimeter of 15 m.
